Sum frequency generation vibrational spectroscopy (SFG-VS) is a robust technique for interfacial investigation at molecular level. The performance of SFG-VS mostly depends on the spectral resolution of the SFG system. In this research, a simplified function was deduced to calculate the spectral resolution of picosecond SFG system and the lineshape of SFG spectra based on the Guassian shaped functions of IR beam and visible beam. The function indicates that the lineshpe of SFG spectra from nonresonant samples can be calculated by the Guassian widths of both IR beam and visible beam. And the Voigt lineshape of SFG spectra from vibrational resonant samples can be calculated by the Homogeneous broadening (Lorentzian width) and Inhomogeneous broadening (Guassian width) of vibrational modes, as well as the Guassian widths of both IR beam and visible beam. Such functions were also applied to verify the spectral resolution of the polarization-resolved and frequency-resolved picosecond SFG-VS system which was developed by our group recently. It is shown that the linewidths of IR beams that generated from current laser system are about 1.5 cm −1 . The calculated spectral resolution of current picosecond IR scanning SFG-VS system is about 4.6 cm −1 , which is consist with he spctral resolution shown in the spectra of cholesterol monolayer (3.5−5 cm −1 ).
I. INTRODUCTION
Sum frequency generation vibrational spectroscopy (SFG-VS), the second-order nonlinear optical spectroscopy, has been applied as a robust technique for interfacial investigation at molecular level for the past decades [1] [2] [3] [4] [5] [6] [7] [8] [9] . By overlapping an infrared beam and a visible beam spatially and temporally onto molecular surface, the SFG signal with the frequency of summation of the incident visible beam and IR beam can be generated [10] . Due to the symmetry requirement of the second-order nonlinear optical process, the SFG signals can only be generated from the non-centrosymmetric bulk mediums or the surface/interface, where the centrosymmetry is inherently broken. The merits of interface specificity and sub-monolayer sensitivity allow SFG-VS to not only obtain the molecular information such as structure, conformation and interaction strength, based on the vibrational peak position, amplitude and width, but also collect the reaction kinet-ics by monitoring the characteristic peaks of interfacial species or molecular groups. These information can be useful for the elucidation of molecular mechanisms and the analysis of interface specific thermodynamics.
Early SFG-VS experiments were usually performed by scanning the pulsed nanosecond or picosecond IR beams, with a linewidth of few wavenumbers or less [11] . Such scanning SFG-VS system collects the SFG signal with PMT at each scanning step of wavenumbers. Broadband SFG-VS (BB-SFG-VS) system was developed at late 1990s by overlapping a broadband femtosecond IR beam and a narrowband visible beam that (linewidth reshaped) generated from a femtosecond laser [12, 13] . Such BB-SFG-VS system collects the SFG signal with a CCD detector, which also allow researchers to perform femtosecond resolved investigations in the time domain [14] [15] [16] [17] [18] [19] [20] .
To obtain the molecular level information such as orientation and conformation, most of the SFG-VS spectra were interpreted based on their polarization dependent signals and phase interference properties (fitting parameters) [21] [22] [23] [24] . Thus, the performance of SFG-VS is m-ostly determined by the spectra fitting results and the spectral resolution of the SFG system. Spectra resolutions of 5−6 cm −1 can be usually achieved in picosecond SFG systems (better resolution can be achieved in the wavenumber range of 3000−4000 cm −1 ) [25] [26] [27] [28] [29] [30] . And spectral resolutions of 5−20 cm −1 can be achieved in femtosecond SFG systems determined by the linewidth of incident narrow-band visible beam. McGuire and Shen also demonstrated that an SFG spectral resolution of 6.6 cm −1 can be achieved by using a time-domain Fourier-transform (FT) SFG intensity measurement with 100 femtosecond visible and IR pulses [31] [32] [33] .
Recently, a sub-wavenumber high-resolution and broadband SFG-VS (HR-BB-SFG-VS) system with 0.6 cm −1 spectral resolution was developed by Velarde et al. [34] [35] [36] [37] [38] . Such HR-BB-SFG-VS system utilized a 90 ps visible beam as a nearly infinitely broad probe to capture the true free-induction decay (FID) vibrational coherent dynamics and the ideal SFG spectrum. A polariztion-resolved and frequency-resolved picosecond scanning SFG-VS system was also developed by our group recently [39] . It has also been found out that the functions for HR-BB-SFG-VS system do not apply to our frequency-resolved picosecond IR-scanning SFG-VS system. Here we reported a function for the lineshape calculation of SFG-VS experiments based on the Guassian shaped functions of IR beam and visible beam. It is shown that the Voigt lineshape of SFG-VS spectra can be calculated by the homogeneous broadening and inhomogeneous broadening of vibrational modes, as well as the Guassian widths of both IR beam and visible beam. Such functions are also applied to verify the spectral resolution of the picosecond IR-scanning SFG-VS system.
II. THEORY
Assuming both of incident visible beam and IR beam are Gaussian shaped, their energy profile in the frequency domain and time domain can be described as:
when both visible beam and IR beam are overlapped in time and space, the amplitude of emitting SFG signal E SFG (t) is proportional to the second-order polarization P (2) (t) which is calculated as the mathematical convolution of the second-order molecular response R (2) (t) with the electric fields of visible laser beam and IR laser beam (E VIS (t) and E IR (t)) [35, [40] [41] [42] [43] :
where τ is the time delay between the arrival of the IR and VIS pulses. As described by Benderskii and coworkers [40, 42] , the IR-resonant SFG process could be divided into a vibrational polarization P (1) (t) induced by the IR pulse and an up-conversion induced by the visible pulse. Since the up-converting VIS pulse is nonresonant, the de-phasing time of polarization P (2) (t) is very short which can be considered as an instantaneous event. And the second-order molecular response can be simplified as R (2) [35, 44, 45] . Thus we will have:
By including the homogeneous (T 2q ) and inhomogeneous (∆ω q ) broadening of vibrations, the intrinsic molecular response R (2) (t), can be described as [35, 43, 46, 47] :
where A NR is the non-resonant response of interfacial susceptibility, δ(t) is the Dirac delta function, and Θ(t) is the Heaviside step function [47] . For the spectral resolution in high-resolution broadband SFG was discussed in detail in Ref. [35, 36] , as shown below:
where ω IR , ω VIS , and ω SF are the center wavenumber of IR beam, visible beam and SFG signal. The wave line on the Vis and IR field function suggests the broadband SFG measurement. The same equation would apply to the scanning SFG by adding the values for each individual IR frequencies of the scanning process to get the SFG spectrum, as: 
Since the convolution calculation can commute and exchange orders with each other, the SFG-VS spectra can be obtained by normalizing the SFG intensities with the laser intensities of visible beam and IR beams at each step of scanning wavenumber. Although, it should be noted that Eq.(9) stands under the assumption that all the IR pulses at different scanning wavelength has the same Gaussian shape. If the IR linewidth changes because the laser is not necessary to have the same linewidth at different scanning wavelength, there can be additional distortion in the SFG spectrum. Amplitude can be different when the spectrum is normalized to the IR intensity with different linewidths.
Therefore, if the visible and IR pulses of the scanning SFG-VS system are both Gaussian shaped, the linewidth of the qth vibrational mode can be calculated by the Voigt function [35, 36] :
thus, it is very easy to see that the Voigt lineshape of SFG-VS spectra can be calculated by the homogeneous broadening and inhomogeneous broadening of vibrational modes, as well as the Guassian widths of both IR beam and visible beam [35, 36] .
III. EXPERIMENTS
The frequency-resolved picosecond SFG system was purchased from EKSPLA, Lithuanian. The setup of this laser system has been described in detail elsewhere [39] . Figure 1 shows the scheme of optical • respectively. The structures of these molecules are shown in Fig.2 . The D 54 -DMPE,DMPE [39] lipid monolayers, and PARC18 monolayers [48, 49] were deposited on the bevel edge of the right-angle CaF 2 prisms at the surface pressure of 30 mN/m. And the SFG signals of water molecules at CaF 2 /water interface were also collected at the bevel edge of the CaF 2 prism. The SFG spectra of cholesterol monolayer at air/water interface were also collected to compare with the spectra reported in the literature [36] .
IV. RESULTS AND DISCUSSION
A. IR linewidth calculated from OPA signal 
by assuming the linewidths of idle beams are the same as signal beam in OPA process, the linewidths of IR beams at various wavenumbers can be calculated by Eq. (13) . Table I shows the calculation results of IR beam linewidths. As seen in the Table I , the linewidths of Idle beams are all less than 2 cm −1 . And the linewidths of output IR beams are calculated to be between 1.5 and 2 cm −1 .
B. SFG signal linewidth of nonresonant sample
To test the linewidth of IR beam of current picosecond SFG-VS system, the lineshape of SFG signals at various wavenumbers was collected. Figure 4 shows the energy profiles of SFG signals at several typical wavenumbers (same wavenumbers shown in Table I ). To avoid the IR absorption of CO 2 in the air, the wavenumber of 2300 cm −1 was chosen to perform the scanning instead of 2368 cm −1 . As shown in Fig.4 , the SFG signal linewidths of Au film is about 2 cm −1 . The linewidths of incident IR beams at corresponding wavenumbers can be calculated by the following function:
Table II shows the linewidths calculated from the fitting results of Fig.4 . As shown in Table II , the linewidths of IR beams are about 1.5 cm −1 , which is consistent with the calculation results shown in Table I . Figure 5 shows the energy profile of SFG signals from several typical samples. It is interesting to see that the linewidths of SFG signals from various molecular samples are much larger than that from Au film. Unlike the nonresonant samples, such as Au films, z-cut quartz, and GaAs, the vibrational resonant samples for example monolayers and polymers will have a broadened SFG linewidth by including not only the linewidths of incident laser beams, but also the homogeneous broadening and inhomogeneous broadening of vibrational modes. Table III shows the linewidths of SFG signals calculated from the fitting results of Fig.5 . Although, it is very hard to calculate both the homogeneous broadening and inhomogeneous broadening of vibrational modes from a single linewidth datum at one wavenumber point. Thus during the SFG experiments in picosecond system, scanning from wavenumber to wavenumber is required to obtain the full spectroscopic details of the vibrational resonant samples. Figure 6 shows the I ssp spectra and I ppp spectra of cholesterol monolayer at air/water interface (P i =21 mN/m). It should be noted that the scanning interval of these spectra is 2 cm spectra shown in Fig.6 with the spectra shown in the literature, it is easy to see that the spectral resolution of our SFG-VS system is better than the SFG system with 6 cm −1 resolution. But several small peaks 2861.1 and 2971.6 cm −1 , which are shown in Ref. [36] , are still unrecognizable from Fig.6 . Table IV shows the fitting parameters calculated from I ssp spectra and I ppp spectra of cholesterol monolayer shown in Fig.6 . As shown in Table IV is an indication of unreliable fitting parameter due to inadequate resolution or signal noise ratios. By comparing the peak widths of cholesterol monolayer with the fitting parameters shown in Ref. [36] , it can be concluded the spectral resolution of current IR scanning SFG-VS systems is about 3.5−5 cm −1 . It is shown that even with the 2 cm −1 scanning interval, the spectral resolution in the current IR scanning SFG is still not enough to resolve the complex spectrum with many overlapping peaks. It is also shown that higher spectral resolution of SFG-VS system and smaller scanning interval are both needed to obtain better information in IR scan- from various samples are also scanned to test the validity of the functions and the performance of current polarization-resolved and frequency-resolved picosecond SFG-VS system. It is shown that the linewidths of SFG signals from nonresonant samples and vibrational resonant samples conform closely the functions. And the calculated linewidths of IR beams at various wavenumbers are about 1.5 cm −1 . Thus based on Eq.(13), the spectral resolution of current picosecond IR-scanning SFG-VS system can be calculated as ∆ν SF ≈2.3548 √ ∆ω 2 IR + ∆ω 2 VIS = 4.6 cm −1 . By comparing the peak widths of cholesterol monolayer with the fitting parameters shown in Ref. [36] , the spectral resolution is calculated to be 3.5−5 cm −1 , which is consistent with the spectral resolution calculated from Eq.(13).
C. SFG signal linewidths of vibrational resonant samples

D. SFG spectra of cholesterol monolayer
The Eq. (13) suggests that it is more challenging for picosecond IR-scanning SFG-VS system to achieve higher resolution. The BB-SFG-VS system is of advantage in achieving higher spectral resolution because it only requires a narrow visible pulse. To achieve a spectral resolution less than 2 cm −1 , each Guassian width of incident beam (∆ω IR , ∆ω VIS ) has to be less than 0.6 cm −1 .
These functions give clear descriptions of SFG signals generated from different samples at different situations, which may help the researchers understand the principles of lineshape calculation and analyse the SFG spectra with more accuracy. 
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